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The cell-to-cell movement of the GUS-tagged potato virus X (PVX) coat protein (CP) movement-deficient mutant was
restored by potyviral CPs of potato virus A (PVA) and potato virus Y (PVY) in Nicotiana benthamiana leaves in transient
cobombardment experiments. Viral cell-to-cell movement of PVX CP mutant was complemented in Nicotiana tabacum cv. SR1
transgenic plants expressing PVY CP: PVX RNA and polymerase were detected in the PVX CP mutant-inoculated leaves of
transgenic plants. These findings demonstrated the ability of the PVX CP-deficient mutant to move from cell to cell but not
long distances in the transgenic plants and suggest that CPs of potex- and potyviruses display complementary activities in
the movement process. Potyviral CP alone is not able to carry out these activities, since the mutated PVX CP is indispensable
for restored movement. No trans-encapsidation between potyviral CP and PVX RNA was observed. Therefore, potyviral CP
facilitates the PVX CP mutant movement by the mechanism that cannot be explained by coat protein substitution. Our data
also suggest that CP functioning in cell-to-cell movement is not restricted to a simple passive role in forming virions. © 2000
Academic PressINTRODUCTION
Plant viruses belonging to various genera have
evolved different genetic systems for facilitating cell-to-
cell movement. Among the proteins involved in this pro-
cess are, on the one hand, highly specialized movement
proteins (MPs) that are not involved in other steps of the
virus life cycle and, on the other hand, virus multifunc-
tional proteins such as coat proteins (CPs) and replica-
tive proteins. The number of virus-specific proteins
known to directly influence the translocation of viral ge-
nomes through plasmodesmata (PD) varies from 1 to 4 in
different viruses (reviewed by Carrington et al., 1996;
Mezitt and Lucas, 1996; Ghoshroy et al., 1997; Lazarowitz
and Beachy, 1999; Morozov and Solovyev, 1999; Revers
et al., 1999). However, despite the obvious differences
between plant viruses in genome organization and par-
ticularly in the sequences and arrangements of MP
genes, the cell-to-cell movement mechanisms in plants,
including those involved in trafficking of plant-specific
proteins and RNAs, are believed to share several princi-
ple functional steps, such as forming the movement-
related protein–nucleic acid complexes, targeting the
protein–nucleic acid complexes to PD, increasing the PD
size exclusion limit (or forming the penetrating tubules),1 To whom correspondence and reprint requests should be ad-
ressed. Fax: 1358-9-19159571. E-mail: kristiina.makinen@helsinki.fi.
31and trafficking nucleic acids through PD (reviewed by
Mezitt and Lucas, 1996; McLean et al., 1997; Kragler et
al., 1998; Lazarowitz and Beachy, 1999; Citovsky, 1999).
Representatives of the genera Potyvirus and Potexvi-
rus contain monopartite, single-stranded RNA genomes
evidently different in their genome organization and
modes of gene expression (for references, see Morozov
and Solovyev, 1999; Revers et al., 1999). However, the
genera share some similarities in their multicomponent
transport systems. The transport system of potexviruses
includes the triple gene block consisting of the 25-kDa
ATPase and two MPs of 12 and 8 kDa (TGB) and the CP,
and the transport system of potyviruses includes the
helper component-proteinase (HC-Pro), the cylindrical
inclusion protein (CI), the genome-linked VPg, and the
CP (see Lazarowitz and Beachy, 1999; Morozov et al.,
1999; Revers et al., 1999). Potex- and potyviruses code for
ATPase/helicases involved in virus cell-to-cell move-
ment: the CI protein in potyviruses (Carrington et al.,
1998) and the TGBp1 protein in potexviruses (Beck et al.,
1991; Angell et al., 1996; Kalinina et al., 1996; Lough et al.,
1998; Morozov et al., 1999). These viruses require the CP
for cell-to-cell movement. Moreover, potex- and potyvirus
CPs have a substantial amino acid sequence similarity
(Morozov et al., 1987; Dolja et al., 1991, 1994; 1995; Chap-
man et al., 1992a; Forster et al., 1992; Rojas et al., 1997;
Lopez-Moya and Pirone, 1998; Santa Cruz et al., 1998).
Complementation analysis in plant viruses has proved
0042-6822/00 $35.00
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32 FEDORKIN ET AL.to be an efficient method for revealing functional inter-
changeability between different types of transport sys-
tems and compatibility of heterologous proteins in mul-
ticomponent transport systems (reviewed by Atabekov et
al., 1999; for recent references, see also Solovyev et al.,
1997; Morozov et al., 1997; De Jong et al., 1997; Ryabov et
al., 1998, 1999; Spitsin et al., 1999). In the TGB-containing
viruses, various methods of complementation showed
incomplete compatibility between heterologous TGB
genes, suggesting functional and, probably, physical in-
teractions between TGBp1 and two smaller TGB proteins
(Lauber et al., 1998; Morozov et al., 1999; Solovyev et al.,
999; Erhardt et al., 1999), whereas the potexvirus CP can
e interchanged for genome encapsidation (Sit et al.,
994). In the potyviruses a significant level of compati-
ility between the components of transport system (HC-
ro and CP) was found in heterologous encapsidation of
ifferent potyviral genomes and in aphid transmission
Hammond and Dienelt, 1997; Desbiez et al., 1997; Jac-
uet et al., 1998; Flasinski and Cassidy, 1998; Wittner et
l., 1998; Carrington et al., 1998).
In this study we demonstrate that the deficiency in
ell-to-cell movement of the CP mutant of potato virus X
PVX) can be complemented in transgenic plants and
obombardment experiments by the CPs of potyviruses
nd potato viruses A (PVA) and Y (PVY). Our data suggest
hat coat proteins of potex- and potyviruses display com-
lementary activities in the movement process that are
ot related to the formation of virus particles.
RESULTS
ell-to-cell movement of the CP-deficient PVX is
escued by the PVA genome
It has been shown previously that the potexvirus CP
utants with a deleted C-terminal region were incapable
f cell-to-cell movement (Chapman et al., 1992a; Forster
t al., 1992). To test the ability of the potyviral transport
ystem components to complement cell-to-cell move-
ent of the CP-deficient PVX genome, two 35S promoter-
riven full-length viral cDNA clones were used, the PVX
US-tagged genome with the mutated CP gene (pPVX.
US-Xho) and the wt PVA genome (pPVA). To construct
PVX.GUS-Xho, a frameshift mutation was introduced
nto the 35S promoter-fused GUS-tagged PVX cDNA copy
ear the 39 end of the CP gene, and the resulting trun-
ated open reading frame included 219 codons of the
uthentic CP gene, followed by 10 codons from another
eading frame. This mutant is analogous to the
TXdel11S mutant described previously (Chapman et al.,
992a). To obtain the pPVA clone, the full-length PVA
DNA from the infectious T7 promoter clone pPVAcDNAI
Puurand et al., 1996) was cloned under control of the
5S promoter.Particle bombardment was used as an efficient
ethod to study transient complementation of viral cell-
co-cell movement of the CP-deficient PVX genome (Moro-
ov et al., 1997, 1999). In control experiments, histochem-
cal detection of GUS activity in the Nicotiana benthami-
na leaves subjected to bombardment with DNA-coated
etal particles revealed that at 3 days postinfection (dpi)
VX-GUS.Xho was confined either to individual cells or to
mall groups of cells (Fig. 1A, Table 1). Therefore, PVX-
US.Xho was deficient in cell-to-cell movement, which is
n agreement with the previously published data (Chap-
an et al., 1992a). To verify that the cell-to-cell movement
f the PVX-GUS.Xho could be transiently complemented
y the homologous PVX CP, the pPVX-GUS.Xho plasmid
as cobombarded with the pRT-PVX.CP clone that car-
ied the CP gene under control of the 35S promoter. GUS
taining of the N. benthamiana leaves carried out 3 dpi
emonstrated that infection foci were fivefold larger than
hose in experiments with PVX-GUS.Xho and became
learly visible to the naked eye (Fig. 1B, Table 1), show-
ng that the cell-to-cell transport of this mutant PVX ge-
ome was restored in the initially infected cells in the
resence of wt PVX CP. Similar rescue of virus movement
as been previously observed in cobombardment of the
lone pPVX.GUS-Bsp, that is, the movement-deficient
US-tagged PVX genome with the frameshift mutation in
he gene of the TGB-encoded 25-kDa NTPase/helicase,
ith the homologous 25-kDa protein (Morozov et al.,
997, 1999).
Cobombardment of the pPVX.GUS-Xho with pPVA fol-
owed by histochemical GUS staining at 3 dpi revealed
nfection foci that were fivefold larger than those in ex-
eriments with pPVX.GUS-Xho (Fig. 1C, Table 1) and
omparable in size to the foci produced by pPVX.GUS-
ho in the presence of pRT-PVX.CP (Fig. 1B). Thus, the
VA genome complemented cell-to-cell movement of the
P-deficient PVX genome.
ovement of the CP-deficient PVX is complemented
y the PVA CP or PVY CP and not by other
VA proteins
Complementation of the CP-deficient PVX movement
y PVA could be explained either by replacing the dis-
bled PVX transport system with that of the potyvirus, in
hich case the PVX RNA was translocated solely by the
VA machinery, or by performing the PVX CP movement
unction(s) with a single PVA product that was function-
ng together with the potexvirus TGB proteins and sub-
tituting the missing native PVX CP. To distinguish be-
ween these two possibilities, an attempt was made to
omplement movement of the CP-deficient PVX by sep-
rate PVA genes. A series of clones was constructed
arrying portions of the PVA genome under control of the
5S promoter, pRT-PVA.CP, pRT-PVA.P1, pRT-PVA.HC-Pro,
RT-PVA.6K1-CI-6K2, and pRT-PVA.6K2-NIa, and used in
obombardment experiments with pPVX.GUS-Xho.
Following cobombardment of the pPVX.GUS-Xho with
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33COMPLEMENTATION OF PVX CP MUTANT BY POTYVIRAL CPsany of the plasmids pRT-PVA.P1, pRT-PVA.HC-Pro, pRT-
PVA.6K1-CI-6K2, or pRT-PVA.6K2-NIa, the size of infection
foci monitored at 3 dpi by GUS staining was similar to
that produced by PVX.GUS-Xho (Table 1). In contrast,
cobombardment of the pPVX.GUS-Xho with pRT-PVA.CP
resulted at 3 dpi in infection foci similar to those pro-
duced in cobombardment of pPVX.GUS-Xho with pPVA
(Fig. 1D, Table 1). Therefore, the PVA CP and not other
PVA products complemented movement of the CP-defi-
cient PVX genome, suggesting that the PVA CP could
FIG. 1. Particle bombardment of the N. benthamiana leaves: complem
mutation in the CP gene (PVX.GUS-Xho), by PVA and different CP constr
were destained with 70% ethanol and micrographed. Each experiment
(A). Cobombardment of pPVX.GUS-Xho with pRT-PVX.CP (B), pPVX.GUS
differences in the rate of viral cell-to-cell movement in cobombardmen
TABLE 1
Complementation of Viral Cell-to-Cell Movement in Cobombard-
ment Assays of pPVX.GUS-Xho and pPVX.GUS-Bsp with PVA
Genes
pPVX.GUS-Xho pPVX.GUS-Bsp
pPVX.GUS-Xho 59 6 13.6 mm 315 6 29.2 mm
PVX.GUS-Bsp 315 6 29.2 mm 53 6 10.4 mm
pRT-PVX.CP 261 6 20.7 mm 55 6 11.2 mm
pPVA 292 6 18.9 mm 128 6 26.3 mm
RT-PVA.CP 264 6 22.5 mm 56 6 13.5 mm
pRT-PVA.HC-Pro 54 6 11.1 mm 53 6 10.2 mm
pRT-PVA.6K1-CI-6K2 63 6 13.3 mm 54 6 12.9 mm
pRT-PVA.P1 63 6 10.8 mm 55 6 10.2 mm
pRT-PVA.6K2-NIa 60 6 12.6 mm 54 6 11.1 mm
pRT-PVY.CP 272 6 24.9 mm 55 6 10.4 mmP
i
Note. The mean diameters of infection foci detected by GUS staining
are indicated.functionally replace the PVX CP in its cell-to-cell move-
ment functions.
To test the possibility that the CPs of other potyviruses
could complement cell-to-cell movement of the CP-defi-
cient PVX similarly to the PVA CP, a plasmid pRT-PVY.CP
was constructed with the CP gene of the type potyvirus,
PVY, cloned under control of the 35S promoter, and used
for cobombardment of N. benthamiana leaves together
ith pPVX.GUS-Xho. Histochemical detection of the GUS
ctivity 3 dpi revealed that the infection foci were similar
n size to those produced upon cobombardment of pPVX.
US-Xho with pRT-PVA.CP 3 dpi (Table 1).
To estimate whether translocation of the heterologous
VX RNA by the potyvirus transport system could con-
ribute to the complementation of the movement-defi-
ient PVX genome by PVA, we compared the ability of the
PVA and plasmids expressing the separated portions of
he PVA genome to complement cell-to-cell movement of
VX.GUS-Bsp (TGB1 mutant). It was found that cobom-
ardment of pPVX.GUS-Bsp with none of the plasmids
RT-PVA.CP, pRT-PVA.P1, pRT-PVA.HC-Pro, pRT-PVA.6K1-
I-6K2, or pRT-PVA.6K2-NIa resulted in complementation
f virus movement, whereas a limited movement was
bserved in cobombardment of pPVX.GUS-Bsp with
PVA (Table 1). These data confirmed that the cell-to-cell
ovement complementation of the movement-deficient
n of cell-to-cell movement of the PVX genome containing a frameshift
istochemical detection of GUS activity was performed 3 dpi, and leaves
peated four to six times. Bombardment of the leaf with pPVX.GUS-Xho
ith pPVA (C), and pPVX.GUS-Xho with pRT-PVA.CP (D). The quantitative
s were measured and are presented in Table 1.entatio
ucts. H
was reVX by PVA could be attributed predominantly to the
ndividual role of PVA CP rather than to translocation of
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34 FEDORKIN ET AL.the mutant PVX RNA by the complete potyvirus transport
system.
Truncated CP of movement-deficient PVX is
indispensable for movement rescued by the
complementary activity of potyviral CP
Since potyviral CP can gate plasmodesmata and can
bind nonspecifically heterologous RNA (Rojas et al.,
1997; Merits et al., 1998), the question whether the PVA
P can nonspecifically traffic heterologous RNA from cell
o cell was addressed. For this study the entire CP of PVX
as deleted from the GFP-tagged PVX genome and a
obombardment study was carried out. The leaves of N.
enthamiana were bombarded with tungsten particles
arrying the pPVX.GFP or pPVX.GFP.DCP plasmids. It
as found that at 2 dpi, as expected, the PVX.GFP.DCP
as limited to single cells, whereas the PVX.GFP was
ble to spread from the primary infected cell to the
eighboring cells and the infected area detected by GFP
luorescence was approximately 30–60 cells (data not
hown). The complementation experiments with cobom-
arded pPVX.GFP.DCP and pPVX.GUS-Bsp plasmids re-
ealed the very effective comovement of two defective
VX genomes (the area of virus spread detected by GFP
luorescence included 30–50 cells), whereas the level of
ovement complementation with the cobombarded
PVX.GFP.DCP and pRT.PVX-CP plasmids was lower and
FP fluorescence could be detected in groups of 8–10
ells (data not shown). To study the movement of the
FP-tagged PVX genome with replacement of the PVX
P gene for that of PVA, the leaves of N. benthamiana
ere bombarded with the pPVX.GFP.PVA-CP. It was
ound that when the PVX CP was deleted completely as
n pPVX.GFP.PVA-CP, the potyviral CP was unable to
omplement the cell-to-cell movement of the CP-defi-
ient PVX genome, and the replication of PVX detected 2
pi by GFP fluorescence was limited to single cells (data
ot shown). The GFP fluorescence of movement comple-
entation with the cobombarded pPVX.GFP.PVA-CP and
RT.PVX-CP plasmids in control experiments was de-
ected as groups of 8–10 cells (data not shown) as
bserved with the pair of pPVX.GFP.DCP and pRT.PVX-
P.
ovement of the CP-deficient PVX mutant in
ransgenic plants expressing the PVY CP
To study further the movement of the PVX CP mutant,
set of transgenic plants with the PVY CP gene in either
ense or antisense orientation was constructed (Fig. 2A).
he expression level of the PVY CP mRNA in transfor-
ants was quantified using the ribosomal 28S RNA as
n internal standard. Three lines of transgenic tobacco
ere selected: line 101B, expressing the highest steady-tate level of PVY CP mRNA, and lines 101A and 101C,
xpressing moderate and low levels of PVY CP mRNA,espectively. The plants of line 102 01, containing the
ntisense constructs, expressed detectable but very low
evels of RNA (data not shown). Seeds were collected
rom lines 101A, 101B, 101C, and 102 01 and the F1 plants
rom these lines were used for inoculations with pPVX.
US-Xho. 101 lines produced detectable amounts of the
VY CP as studied in Western blot analysis (Fig. 2B and
C).
Transgenic 101 B and 102 01 plants were bombarded
ith the pPVX.GUS and pPVX.GUS-Xho constructs. GUS
taining of the transgenic Nicotiana tabacum leaves at 3
pi revealed that in the PVX.GUS bombarded leaves the
ize of the infection foci varied between 124 and 1100
mm, whereas in the PVX.GUS-Xho bombarded leaves it
varied between 156 and 340 mm. However, the total
number of blue foci was much lower than on the N.
FIG. 2. Transgenic Nicotiana tabacum plants expressing PVY CP. (A)
Schematic representation of PVY CP constructs transferred into trans-
genic plants. (B and C) Western blot analyses of PVY CP transgenic
plants. (B) Lanes 1–3 and 7–10, extracts from line 101B; lanes 4–6,
extracts from line 101C; lane 11, extracts from the control N. tabacum
plant; lane 12, control preparation of PVY CP (positive control). (C)
Lanes 1–5, extracts from line 101A; lanes 6–10, extracts from the control
transgenic plants expressing the minus strand RNA of PVY CP (line
102); lane 11, extract from control N. tabacum plant; lane 12, Bio-Rad
kaleidoscope molecular mass standards, Mr indicated on the right. The
bands of PVY CP are marked by arrows.benthamiana leaves (data not shown). In 102 plants ex-
pressing the PVY CP mRNA in antisense orientation the
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35COMPLEMENTATION OF PVX CP MUTANT BY POTYVIRAL CPsmovement of PVX.GUS-Xho was restricted and GUS ex-
pression was detected in foci that were 50 mm in size,
whereas PVX.GUS was moving in the antisense 102
plants as extensively as in the PVY CP expressing 101
plants (data not shown). It was concluded that PVX
movement was restored also in transgenic plants ex-
pressing potyviral CP. Nevertheless, the movement of the
PVX.GUS-Xho was slower than that of wild-type (wt) PVX.
GUS.
To determine whether the long-distance movement of
PVX can be rescued by potyviral CP, the inoculated and
systemic leaves of transgenic 101 and 102 plants were
analyzed by Western blotting at 12–16 dpi. Western blot-
ting with the anti-PVX replicase antibody revealed accu-
mulation of the protein corresponding to the mobility of
the PVX 165-kDa protein expressed in insect cells in
inoculated, but not in upper noninoculated, leaves of the
transgenic plants of lines 101A, 101B, and 101C (Figs. 3A
and 3B). No PVX replicase was detected in mock-inocu-
lated transgenic plants or in transgenic plants express-
ing the PVY CP gene in antisense orientation inoculated
with pPVX.GUS-Xho (Fig. 3B). Similar results were ob-
tained by Western blot analysis with monoclonal antibod-
ies against the CP of PVX (So˜ber et al., 1988; kindly
provided by Dr. Lilian Ja¨rveku¨lg; data not shown). These
data confirmed that PVX.GUS-Xho was capable of cell-
to-cell movement in the inoculated leaves of the trans-
genic plants expressing the PVY CP. Systemic movement
of PVX.GUS-Xho was not detected as late as 56 dpi,
whereas the wt PVX.GUS was detected in systemic
leaves of transgenic and control plants at 10–12 dpi
using the same technique (data not shown). Thus, the
PVY CP complemented cell-to-cell movement but not
systemic movement of PVX.GUS-Xho. These data fully
agreed with the finding that the homologous PVX CP
expressed in transgenic plants rescued only local and
not systemic spread of the PVX CP mutant (Spillane et al.,
1997).
The extremely sensitive dot-blot hybridization analysis
of PVX RNA in infected and systemic leaves confirmed
the Western blotting data (Fig. 3C). The PVX RNA could
be detected in the leaves of N. tabacum transgenic
lants expressing the PVY CP inoculated with the move-
ent-deficient PVX.GUS-Xho construct, but not in the
pper noninoculated leaves of these plants. PVX RNA
ould also be detected in inoculated and systemic
eaves of the PVY CP-expressing transgenic plants inoc-
lated by wt PVX.GUS, but not in the control N. tabacum
lants inoculated by movement-deficient PVX.GUS-Xho
Fig. 3C). Only trace quantities of PVX RNA were detected
n systemic leaves of wt PVX.GUS-inoculated transgenic
lants, line 101C (Fig. 3C). Thus, results of the experi-
ents with the PVY CP-expressing transgenic plantsonfirmed the data of the transient complementation
obombardment assay.FIG. 3. Detection of PVX polymerase and RNA in PVX CP-deficient
mutant-infected transgenic plants. (A and B) Western blot of PVX polymer-
ase containing samples. Inoculation of plants was done with PVX.GUS-
Xho mutant. Inoculated (I) and systemic (S) leaves were analyzed for PVX
replicase production. PVX replicase protein expressed in baculovirus sys-
tem was used as positive control. Molecular weight markers are indicated
on the right. The bands of PVX polymerase are marked by arrows. The
other lanes in B are inoculated leaves of mock-inoculated transgenic plant
(mock); N. tabacum cv. SR1 plant inoculated with PVA 14 days prior
PVX.GUS.Xho inoculation (PVA 1 PVX.GUS.Xho); PVA-infected tobacco
(PVA); noninoculated N. tabacum cv. SR1 plant (noninoculated). (C) Dot-blot
hybridization analysis of RNA isolated from the transgenic plants. Inocu-
lation of transgenic (lines 101A, 101B, 101C, 102) and control N. tabacum
plants was done with PVX.GUS (wt) or PVX.GUS-Xho mutant. Inoculated (I)
and systemic (S) leaves were analyzed for the presence of PVX RNA.
Controls were PVX (wt) in N. tabacum plant (S); PVX.GUS-Xho in control N.
tabacum plant (I); PVX.GUS-Xho in 102 (I); and control plasmid with in-
serted cDNA sequence of PVX.
36 FEDORKIN ET AL.Neither heterologous virion formation nor
encapsidation of PVX genome by truncated CP of
PVX.GUS-Xho was detected in transgenic plants
expressing PVY CP
To address the question of whether the PVX.GUS-Xho
RNA is encapsidated by potyviral CP or by the mutated
PVX CP, immunoelectron microscopy (IEM) was used. In
the pPVX.GUS-inoculated transgenic 101 and 102 plants
wt PVX particles were found in inoculated leaves at 13
dpi and in systemic leaves of infected plants at 21 dpi
(Fig. 4A). In the pPVX.GUS-Xho inoculated 101 plants no
PVX-like particles were detected. However, when this
construct was electroporated to tobacco protoplasts,
particles substantially shorter than the wt PVX particles
were observed (Fig. 4B). Potyvirus-like particles were
observed in the PVY CP expressing transgenic 101
plants when the grids were coated with PVY antibody
(Fig. 4C).
We attempted to purify potyvirus-like particles from
leaves of transgenic plants, inoculated with PVX.GUS-
Xho, from systemic leaves of transgenic plants in-
fected with wt PVX.GUS, from wt PVX-infected plants,
or from noninfected control plants. However, in West-
ern blot analysis with antibodies against the CP of PVY
no protein was detected in virus-like preparations
(data not shown). It is possible that virion-like struc-
tures are formed at very low levels and that they are
FIG. 4. Electron micrographs of particles formed by wt PVX CP, by
mutated PVX CP, and by PVY CP expressed in transgenic 101 plants
and detected by immunosorbent electron microscopy. (A) PVX.GUS in
systemic leaves of transgenic 101B plant; (B) PVX.GUS-Xho in tobacco
protoplasts; (C) potyvirus-like particle in a sample extracted from 101B
plant. The bars correspond to 200 nm.lost during purification. Therefore, another, more sen-
sitive method was used to verify the absence of het-erologous virions. Transgenic N. tabacum 101 and 102
plants were bombarded with PVX.GUS and PVX.GUS-
Xho. Immunocapture-PCR (IC-PCR) was carried out for
the bombarded leaves at 3 dpi. The result was that
PVX particles containing the PVX.GUS RNA were de-
tected in the 101 and 102 plants (Fig. 5A). Neither the
PVY CP nor the mutated PVX CP was able to encap-
sidate the PVX.GUS or PVX.GUS-Xho RNA in the bom-
barded 101 or 102 plants (Fig. 5A). Similar results were
obtained when the pPVX.GUS- and pPVX.GUS-Xho-
inoculated leaves and systemic leaves of infected
transgenic plants were analyzed 13 and 21 dpi, re-
spectively (Figs. 5B and 5C). Samples from PVY-in-
fected potato cultivar Jemseg were used as a control
to ensure that the anti-PVY antibody can be used in
IC-PCR. In this control experiment a fragment of the
PVY genome was successfully amplified by PCR (data
not shown).
Taken together, the results obtained with these three
approaches showed that the complementary activity of
potyviral CP is not due to heterologous encapsidation.
However, with the methods used we cannot fully discard
FIG. 5. Immunocapture-PCR analysis of transgenic 101B tobacco
expressing PVY CP and 102 tobacco expressing antisense RNA of PVY
CP after bombardment and inoculation experiments with PVX.GUS and
PVX.GUS-Xho. (A) IC-PCR after bombardment experiment with PVX.
GUS (WT) and PVX.GUS-Xho (DCP); (B) IC-PCR from PVX.GUS-Xho-
and PVX.GUS-inoculated leaves of 101 B and 102 plants 14 dpi; (C)
IC-PCR from the inoculated and systemic leaves of 101B and 102
plants 21 dpi. Anti-PVX antibody is marked by X and anti-PVY
antibody is marked by Y in (B) and (C). In all panels the M r marker
is indicated by an asterisk. The bands in the M r marker lanes
corresponds to 831 and 947 bp.
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37COMPLEMENTATION OF PVX CP MUTANT BY POTYVIRAL CPsthe possibility of unstable trans-encapsidation or trans-
encapsidation at very low levels below the detection
threshold.
DISCUSSION
In this study we describe complementation of the PVX
CP function(s) in virus cell-to-cell movement. The TGB
and CP mutants of PVX and other potexviruses have
been previously shown to be unable to move out of the
primary infected cells in inoculated plants; however,
movement of these mutants could be rescued by single-
gene-coded MPs of other viruses. Presumably, such
complementation involved complete replacement of the
disabled multicomponent TGB-based transport system
by heterologous proteins of single-MP transport systems
(Solovyev et al., 1996, 1997; Morozov et al., 1997, 1999;
Ryabov et al., 1998; Atabekov et al., 1999). In this paper
e analyzed complementation of the movement-defi-
ient CP mutant of PVX by another, though unrelated,
irus with multicomponent transport system, potyvirus
VA.
Cell-to-cell movement of the PVX derivative with the
-terminally truncated CP was complemented in cobom-
ardment experiments of the PVX cDNA clone pPVX.
US-Xho with the complete infectious copy of the PVA
Fig. 1C). Additionally, inoculations of the pPVX.GUS-Xho
nto the PVA-infected N. tabacum plants resulted in PVX
nfections in the inoculated leaves as was monitored by
estern blotting and dot blots (Figs. 3B and 3C). To
nalyze whether this complementation results from re-
lacement of the PVX transport system by that of PVA, or
rom performing the PVX CP transport function with a
ingle PVA product, transient complementation assays
ith separated portions of the PVA genome were carried
ut. In this series of experiments, it was found that the
VA CP complemented movement of the PVX CP mutant
t the level similar to that of complementation by PVA
nd the homologous CP (Fig. 1D), whereas other PVA-
ncoded proteins failed to exhibit any complementation.
oreover, the CP of another potyvirus, PVY, was also
ble to rescue movement of the PVX CP mutant (Table 1).
dditionally, the CP-deficient PVX derivative moved and
ccumulated in the inoculated leaves of transgenic N.
abacum plants expressing the PVY CP (Fig. 3). Collec-
ively, these data strongly suggested that the only com-
onent of the potyviral transport system, namely the CP,
articipated in complementation of the PVX CP frame-
hift mutant.
To estimate further the possible impact of mutant PVX
NA translocation by the potyvirus transport system, a
eries of experiments with another PVX mutant was
arried out. The PVX mutant derivative with the frameshift
utation in the first TGB gene coding for the 25K proteinpPVX.GUS-Bsp; Morozov et al., 1997) has been previ-
usly shown to be complemented only by the proteins
l
rhat are able to replace the whole potexviral transport
ystem and not by individual MPs of viruses with multi-
omponent transport systems, including homologous
roteins of closely related viruses (Morozov et al., 1997,
999; Ryabov et al., 1998; Atabekov et al., 1999). In the
ransient complementation assays, none of the PVA pro-
eins was able to rescue movement of the 25K-deficient
VX, and only very limited complementation was ob-
erved in experiments with PVA, demonstrating that the
otyvirus transport system translocated the heterologous
VX RNA inefficiently. It is important to note that infection
oci in bombardment complementation experiments in-
reased in size only during the first 2 days post inocu-
ation. A similar phenomenon was observed by Mise and
hlquist (1995) in leaves mechanically inoculated with a
romovirus recombinant. The cause of this movement
estriction observed in our experiments could also be
imited coat protein transport from primarily infected
ells. In potexviruses, the TGB-mediated translocation of
iral RNA through plasmodesmata is believed to occur in
he form of virions (Santa Cruz et al., 1998) or CP-con-
aining RNP (Lough et al., 1998). However, little is known
bout the specificity of interactions between RNPs (or
articles) and the TGB proteins. Recent evidence for
ell-to-cell translocation of the MS2 phage RNA by the
VX transport system suggests the possibility of heter-
logous RNA transport (Lough et al., 1998). In potyvi-
uses, the role of potyvirus particles in cell-to-cell move-
ent is obscure although it was shown that the assem-
ly-defective CP mutants do not move from cell to cell
Dolja et al., 1994, 1995; Lopez-Moya and Pirone, 1998;
ojas et al., 1998). One of the possible mechanisms of
he PVX CP mutant complementation by the potyviral CPs
ould be trans-encapsidation of the PVX RNA by the
otyvirus CP, which would give virion-like complexes the
apability of translocating in cooperation with the TGB
roteins. It seemed that the PVA CP is able to bind PVX
ranscripts as efficiently as PVA transcripts (Merits et al.,
998). However, we failed to detect potyvirus-like parti-
les containing the PVX RNA in the leaves of the PVY
P-expressing transgenic plants inoculated with the
PVX.GUS-Xho. Although in the IEM experiments potyvi-
us-like particles were observed, according to IC-PCR
hese virus-like particles did not contain PVX RNA. In line
ith this finding, the inability of the PVX 25K mutant to be
fficiently complemented by the whole genome of PVA
uggested a low probability of encapsidation of the PVX
NA by the PVA CP in vivo. It should be noted that other
VA proteins that possess strong sequence-nonspecific
NA-binding activity (Merits et al., 1998) did not comple-
ent the PVX CP mutant, indicating that the ability to
orm RNP was insufficient for formation of complexes
apable of translocation by the TGB proteins. Interest-
ngly, the expression of PVY CP in plants does not permit
ong-distance transport of the PVX mutant but facilitates
ather efficient infection in the inoculated leaf. The same
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38 FEDORKIN ET AL.effect was found in tobacco plants expressing the au-
thentic PVX CP (Spillane et al., 1997). Thus, infections of
transgenic plants expressing PVY and PVX CP with PVX
CP mutant are phenomenologically similar. However, in
contrast to homologous combination (PVX transgenics-
PVX mutant; Spillane et al., 1997) we found no PVX RNA
encapsidated by the PVY CP. Therefore, potyvirus CP
facilitates the PVX CP mutant movement by the mecha-
nism that does not involve the formation of mature trans-
encapsidated virions, suggesting that CP functioning in
cell-to-cell movement is not restricted to a simple pas-
sive role in forming virions. Taking into account that the
amount of heterologously encapsidated particles could
be below the detection threshold or that the particles
could be very unstable, we cannot completely exclude
the possibility of the formation of mixed virions. The
C-terminally truncated potexvirus CPs, though deficient
in cell-to-cell movement, were shown to form virion-like
particles (Forster et al., 1992). Short virus-like particles
formed by the mutated PVX CP were detected in proto-
plasts (Fig. 4B), but they were absent from the samples
collected from inoculated leaves of transgenic plants.
This may indicate that the mutated PVX CP molecules
cannot form stable particles. However, it was shown that
the mutated PVX CP was indispensable for the move-
ment complementation activity of PVA CP (see Results).
One could speculate that the potyviral CP facilitates the
PVX CP frameshift mutant movement by the supplemen-
tary mechanism that does not involve the formation of
mature virions or virion-like particles but instead involves
specific interactions with the host factors.
In practical terms, the complementation of the potex-
viral CP by the CPs of potyviruses could result in inter-
actions between them and possibly cause enhanced
movement abilities in double-infected hosts. Indeed, it is
known that a synergistic effect resulting in severe dis-
ease symptoms and a several-fold increase of PVX ac-
cumulation is induced in coinfections with potyviruses
(Vance et al., 1995; Pruss et al., 1997). According to the
present views this effect can, however, be explained
mainly by suppression of posttranslational gene silenc-
ing (for references, see Kasschau and Carrington, 1998;
Revers et al., 1999).
Thus, taking into account that both the PVX CP frame-
shift mutant and the wt potyviral CP are required for the
movement complementation of PVX.GUS-Xho, it is tempt-
ing to speculate that potexvirus CP functioning in cell-
to-cell movement is not restricted only to a single func-
tion such as forming the movement-related RNPs or
virions.
MATERIALS AND METHODS
Construction of the recombinant plasmidsAll recombinant DNA procedures were carried out by
standard methods (Sambrook et al., 1989). Escherichia
T
rcoli strains DH5a and SURE were used for cloning of the
recombinant constructs. pPVX.GUS plasmid was kindly
provided by Dr. D. Baulcombe. pPVX.GUS-Bsp plasmid
was described previously (Morozov et al., 1997). The
P-defective PVX was generated from a cDNA clone of
VX.GUS placed under the control of the CaMV 35S
romoter, as in Chapman et al. (1992b). pPVX.GUS was
inearized by restriction endonuclease XhoI, blunted by
lenow fragment, and religated. As a result of this frame-
hift mutation, the PVX-encoded CP protein lacked 18
-terminal amino acid residues (pPVX.GUS-Xho). To con-
truct the GFP-tagged PVX genome (plasmid pPVX.GFP),
he complete copy of the PVX genome placed under
ontrol of the 35S promoter and carrying a duplicated
opy of the coat protein subgenomic promoter from the
lasmid pTXS.P3C2 (Boevik et al., 1996) was digested
ith NheI–XbaI and then the gene of the enhanced GFP
Heim et al., 1995) was inserted. To replace the PVX CP
ene with that of PVA, the PVX CP gene was excised with
heI and SalI and then ligated with the PVA CP gene
rom the plasmid pGEM-T-CP (Merits et al., 1998), so that
he PVA CP coding sequence was in-frame with the first
amino acids of the PVX CP. The resulting plasmid was
esignated pPVX.GFP.PVA-CP. To obtain the PVX.GFP
lone with completely deleted CP gene (pPVX.GFP.DCP),
PVX.GFP plasmid was digested by NheI and XhoI, made
lunt-ended by Klenow enzyme, and religated.
To create recombinant baculovirus, expressing p165 of
VX, a fragment MfeI/SalI (positions 46–5683) of pS2C2
VX icDNA (kindly provided by Dr. D. Baulcombe) was
loned into EcoRI/SalI linearized vector pFastBac1
Gibco). Recombinant baculovirus, named PVX-Bac, ex-
ressing p165 of PVX was created using the Bac-to-Bac
ystem (Gibco) according to the manufacturer’s instruc-
ions. Expression of recombinant p165 was verified by
nti-PVX replicase antibody (data not shown); virus stock
as amplified and titrated using Sf9 insect cells and
tandard protocols.
To create clones with PVA genes under the CaMV 35S
NA promoter, fragments corresponding to the PVA
enes P1, HC-Pro, and CP, cloned previously in pQE
xpression vector (Merits et al., 1998), were digested by
amHI/SalI, blunted by the T4 DNA polymerase, and
igated into SmaI-linearized vector pRT101 (To¨pfer et al.,
987) to give pRT-PVA.P1, pRT-PVA.HC-Pro, and pRT-
VA.CP. To create constructs expressing PVA 6K1-CI-6K2
nd 6K2–NIa fusion proteins, corresponding fragments
ere obtained by PCR with Pfu Turbo (Stratagene), PVA-
pecific primers (59-ATGCAAGCAAAGGCGTCTGAGCAG
nd 59-TTACTGAAATGCCACCACTCCCTT; and 59-AT-
TCTGGAACACAAGTGTCAAAC and 59-TATTGGGTG-
ATACTGCCTCTC, respectively), and PVA icDNA as tem-
late. Fragments were cloned into SmaI-linearized
RT101 vector (pRT-PVA.6K1-CI-6K2, pRT-PVA.6K2-NIa).
he integrity and orientation of inserts were verified by
estriction analysis and sequencing. An infectious cDNA
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39COMPLEMENTATION OF PVX CP MUTANT BY POTYVIRAL CPsclone of PVA under the 35S promoter was created by
PCR-mediated fusion of the 35S promoter with the PVA 59
nd. The PCR fragment was cloned into pGEM-T vector,
equenced, digested with SphI–SfiI and cloned into
phI–SfiI linearized clone pPVAcDNAI (Puurand et al.,
1996). Infectivity of obtained construct (pPVA) was tested
on N. tabacum plants (data not shown). To clone the PVX
CP gene under the control of the 35S promoter, the CP
coding sequence was amplified with the specific primers
59-CGAACCATGGCAGCACCAGCTAGCACA and 59-GGC-
CAAGCTTGGATCCTTATGGTGGTGGAGAGTGAC contain-
ing the restriction sites NcoI and BamHI (underlined),
espectively. The resulting product was digested with
coI and BamHI and ligated into similarly digested vec-
or pRT100 (To¨pfer et al., 1988) to give pRT-PVX.CP. To
btain pRT-PVY.CP, the PVY CP gene was mutated with
he specific primer 59-GATTGTGTCATTTCCCATGTCGAC-
CACGAATTCAGTATCGCACTCGAT containing the restric-
tion sites SalI and EcoRI (underlined) to create an AUG
start codon (boldface letters) for PVY CP. The resulting
fragment was cloned to pRT101 to give pRT-PVY.CP.
Particle bombardment
Particle bombardment was performed using the flying
disk method with a PDS-1000 high-pressure helium-
based apparatus (Bio-Rad) as described in Morozov et
al. (1997, 1999). N. benthamiana and N. tabacum cv. SR1
leaves were used in bombardment experiments. Repli-
cation and movement of PVX.GUS were monitored by
histochemical detection of GUS expression (Jefferson,
1987). Samples were infiltrated in the colorimetric GUS
substrate modified in order to limit the diffusion of the
intermediate products of the reaction (De Block and
Debrouwer, 1992). After incubation overnight at 37°C, the
leaves were fixed in 70% ethanol and examined by light
microscopy.
GFP fluorescence was detected using a Zeiss Axio-
scope 20 fluorescence microscope (excitation filter BP
450-490, chromatic beam splitter FT 510, and long-pass
emission filter LP 520 or bandpass filter HQ 535/503) or
a Bio-Rad MRC-1024 confocal laser scanning imaging
system with excitation light of 488 nm produced by a
krypton/argon laser tuned to 15 mW and UBHS and E2
filters.
Preparation of immune serum against p165 replicase
of PVX
A fragment of the PVX genome, corresponding to the
N-terminal fragment of the 165-kDa protein (positions
84–2221 in PVX genomic RNA according to Skryabin et
al., 1988), was created by PCR using oligonucleotides
59-GGAATTCATGGCCAAAGTGCGCGAGGTT and 59-
GGTCGACCCAACTTGCTGCTTGTGTCTT as primers
(cloning adapters EcoRI and SalI underlined) on the
icDNA clone of pS2C2 as template. pS2C2 plasmid was
L
akindly provided by Dr. D. Baulcombe. The fragment ob-
tained was cloned into pGEM-T vector (Promega), veri-
fied by sequencing, and overcloned into the EcoRI/SalI-
digested expression vector pBAT4 (Pera¨nen et al., 1996).
rotein expression was carried out in E. coli strain
L21(DE3) (Novagen) with standard methods. Cells were
ysed in two cycles on a French press (10,000 psi), and
nclusion bodies, containing recombinant protein, were
urified using extensive washes and sucrose density
entrifugation. The quality of purified recombinant pro-
ein was verified by SDS–PAGE (not shown). Inclusion
odies were solubilized in 8 M urea, 50 mM sodium
hosphate (pH 8.0), mixed 1:1 with Freund’s complete
djuvant, and used for immunization of rabbits. Anti-
erum was collected after the fourth immunization (car-
ied over by 14-day intervals) and its specificity was
erified by Western blotting, which was performed with
n Amersham ECL kit according to the manufacturer’s
nstructions using proteins from PVX-infected and unin-
ected plant extracts separated by 10% SDS–PAGE (data
ot shown).
irus strain, plant material, and transformation
The potato virus YN-RUS was originally obtained
from Y. Varitsev, Moscow State University, Russia
(Puurand and Saarma, 1990). The PVY CP gene was
cloned in both sense and antisense orientations in
EcoRI sites of a cointegrative transformation vector
(plasmid pHTT295, kindly provided by Professor T. H.
Teeri, Institute of Biotechnology, University of Hel-
sinki). The cDNA of the 312-nucleotide untranslated
region of the PVY genome is present in each construct
used for transformations. The features of the trans-
gene constructs are presented in Fig. 2A. All con-
structs were under control of the 35S CaMV transcrip-
tional promoter and contained the neophosphotrans-
ferase II (NPTII) gene driven by the nopaline synthase
(nos) gene promoter. Plasmid pHTT295 was cointe-
grated to the Ti plasmid pGV2260 through triparental
mating and T-DNA was mobilized into leaf disks of N.
tabacum cv.SR1 using Agrobacterium tumefaciens
strain C58 (Horsch et al., 1985). The initial screening
for transformed plants was based on growth on kana-
mycin-containing media (100 mg/liter).
Northern analysis and Western analysis of transgenic
plants
Total RNA was extracted from 100 mg of tobacco
leaves as described by Verwoerd et al. (1989). Denatur-
ing RNA electrophoresis and Northern blotting were car-
ried out according to protocols for Hybond membranes
(Amersham). Northern blots were hybridized with ran-
domly primed 32P-labeled DNA probes (Prime-a-Geneabeling System, Promega). PVY CP expression was
nalyzed in the primary transformants as described later
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40 FEDORKIN ET AL.for analysis of F1 plants. Lines 101 A, B, and C express-
ing the PVY CP and line 102 01 expressing the antisense
RNA for PVY CP were selected for this study. The seeds
of these lines were surface sterilized and germinated in
vitro on MS medium. Shoots were rooted in the presence
f kanamycin and moved to the greenhouse for further
rowing. Western blot analysis was used for verifying the
P expression in F1 transformants. Total protein was
solated from 100-mg leaf samples. The samples were
round in liquid nitrogen in microcentrifuge tubes, mixed
:1 with twofold SDS-sample buffer, and boiled for 5 min.
he extracts were then centrifuged at 13,000 rpm in a
icrocentrifuge for 5 min at 15°C, and the supernatants
were collected and fractionated by SDS–PAGE (Laemmli,
1970) on 12% gels. Proteins were electroblotted onto
polyvinylidene difluoride membranes (Immobilon-P; Mil-
lipore Corp.) and the viral CP bands were visualized
using either sheep polyclonal antibodies or monoclonal
antibody to PVY and peroxidase-conjugated anti-sheep
antibodies (Boehringer Mannheim). ECL substrate (Am-
ersham) and TMB Stabilized Substrate (Promega) for
horseradish peroxidase were used in the reactions. All
subsequent Western blot analysis was carried out ac-
cordingly.
Dot blot analysis
RNA was purified from 100 mg of plant material using
a Qiagen plant total RNA purification kit. Dot blotting was
carried out according to Amersham’s protocols for nu-
cleic acid blotting and hybridization. The probe corre-
sponding to the PVX RNA 39-terminal part was prepared
by random priming method using a Readyprime II kit
(Amersham). The probe was purified with a Sephadex
G-50 column (Pharmacia).
Immunocapture-PCR
Leaves were ground in enzyme-linked immunosorbent
assay (ELISA) extraction buffer (Clark and Adams, 1977).
The suspension was transferred to eppendorf tubes pre-
viously coated with either monoclonal antibodies against
CP of PVX (So¨ber et al., 1988) or alkaline phosphatase-
conjugated polyclonal antibodies against PVY (Boehr-
inger Mannheim) and incubated at 4°C overnight. Fifty
microliters of antibodies diluted (1:300) in ELISA sample
buffer was used for coating (37°C for 4 h). Tubes were
washed twice with ELISA washing buffer, once with
phosphate-buffered saline, and once with distilled water.
Reverse transcription was carried out using random hex-
amers and PCR was carried out with PVX forward primer
complementary to nucleotides 1–22 of open reading
frame 1 and reverse primer complementary to nucleo-
tides 900–920 of open reading frame 1 according to
standard methods.Immunoelectron microscopy
IEM was carried out as previously described (Roberts
and Harrison, 1979). Sap was extracted from infected
tobaccos and tobacco protoplasts and diluted 10-fold
with 0.06 M phosphate buffer (pH 6.5) containing 0.05 M
EDTA. Carbon-coated grids coated with PVX CP mono-
clonal antibody (So¨ber et al., 1988) or with polyclonal PVY
antibody conjugated with alkaline phosphatase (Boehr-
inger Mannheim) were floated on drops of the diluted
sap. Virions were observed using a Jeol 100 CX electron
microscope (Jeol, Ltd., Tokyo, Japan).
Virus purification
For obtaining a purified virus preparation, a method
based on procedure described by Hammond and Law-
son was used (1988). Preparations from 30 g of leaf
material were finally suspended in 300 ml of 50 mM
sodium phosphate buffer (pH 8.0).
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